Globally, heat stress seriously threatens productivity of cattle. The objective of this study was to identify novel miRNAs that regulated heat stress in feedlot cattle. Experiment was conducted under heat stress and normal conditions. With profiling miRNAs of each feedlot cattle, our results showed the level of miR-1246 was significantly increased in these heat-stressed cattle (P < 0.05). Furthermore, by using bioinformatics analysis and luciferase reporter assays combined with qPCR and western blot, we found miR-1246 negatively regulated poly (C) binding protein 2 (PCBP2) and cAMP response element binding protein-like 2 (CREBL2) mRNA and protein levels through binding to the 3′-UTR region (P < 0.05); further, it inhibited heat-induced apoptosis in lung cells. Finally, our results suggested that miR-1246 plays an important role in heat stress and it has the potential to be a novel modulation factor for heat stress in feedlot cattle.
Introduction
Heat stress most likely occurs in livestock which cannot adequately dissipate body heat to maintain thermal balance. In cattle, heat stress negatively affects food intake, growth, immunity, and reproduction efficiency. Moreover, some studies reported that numerous cattle were dead because of heat stress. For example, over 3000 feedlot cattle died in Queensland (Nienaber and Hahn 2007) and over 4000 cattle died in the Midwest of the USA (Mitlohner et al. 2001 ) during the period of heat wave. California heat wave had caused more than 25,000 deaths among dairy cows, and Iowa heat wave killed at least 4000 cattle in 2006 (Renaudeau et al. 2012) . Collectively, all these responses lead to rising management costs and a decline in income. Some cooling methods were used to relieve heat stress, such as providing shades, fans, and sprinklers, but these did not solve problems from genetics. Therefore, improving the ability of heat tolerance of cattle could have cumulative and permanent effects. Up to now, many studies have focused on the molecular mechanism of heat stress, which indicated that heat stresses could evoke complex responses. Also, heat resisted was considered as an essential for safeguarding the survival of organisms and cellular integrity (Belhadj Slimen et al. 2016) . Severe heat stress might play an adverse role in the pathogenesis of many lung diseases, such as respiratory distress syndrome, emphysema, asthma, bronchopulmonary dysplasia, and interstitial pulmonary fibrosis (Choi and Alam 1996; Kahle et al. 2015) .Commonly, pulmonary integrity is considered a key factor for cattle high adaptiveness in harsh environment, while maintaining a balance of proliferation and apoptosis of irritated lung cells is very important. However, the mechanism of miRNAs regulate cattle lung cells during heat stress has not yet been understood.
MicroRNAs (miRNAs) are a class of small, highly conserved and noncoding RNAs that negatively regulate target genes by epigenetically regulating protein Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12192-018-0927-9) contains supplementary material, which is available to authorized users. translation or degrading the 3′-untranslated region (UTR) of the complementary mRNAs (Ambros 2004; Bartel 2007) . Growing evidence has indicated that unique miRNAs in serum and plasma are stable (Chen et al. 2008; Hunter et al. 2008) , which could be served as novel disease markers (Kosaka et al. 2010; Wang et al. 2010; Nair et al. 2013) . Notably, miRNAs play an important role in gene expression during environmental stress (Leung and Sharp 2010) . Several miRNAs such as miR-398, miR-34, and miR-34b were highly expressed in heat stress condition (Yu et al. 2011; Guan et al. 2013; Isik et al. 2016; Chen et al. 2017) . Studies on human suggested that serum miR-1246 could be a novel diagnostic and prognostic biomarker for colorectal cancer and esophageal squamous cell cancer (Takeshita et al. 2013; OgataKawata et al. 2014) . Besides, miR-1246 targeted RTKN2 gene to regulate UVB-induced apoptosis in HaCaT cells, indicating that miR-1246 could be a potential therapy target for the treatment of UVB-induced damage in skin cells .
In this study, we performed miRNA profiling in the plasma of Angus and Droughtmasters beef cattle under heat stress condition and normal condition and found that miR-1246 was highly expressed in heat-stressed feedlot cattle. We further investigated whether miR-1246 could be used as a novel manipulation of these heat-stressed feedlot cattle.
Materials and methods

Ethics statement
All animal procedures were approved by the Southwest University Institutional Animal Care and Use Committee.
Experimental animals and samples
Five Red Angus and five Droughtmasters (average body weight of 450 kg with similar body condition and consistent feeding and management) were selected from Chongqing Improved Feedlot Cattle Farm, P. R. China and used in this study. Barn temperature and humidity index (THI) was detected at 2:00 p.m. (Sengar et al. 2018) , as an indicator of heat-stressed condition. Average THI was calculated by the equation, THI = 0.72 (Tc + Tw) + 40.6 (Tc, dry bulb temperature; Tw, humidity bulb temperature) (Buzan et al. 2015) . THI < 72 could be regarded as normal condition, while THI > 72 is regarded as heat stress condition. (72 to 79 as mild heat stress, 80 to 90 as moderate heat stress, and > 90 as severe heat stress.) (Armstrong 1994; Poisky and von Keyserlingk 2017) . Rectal temperature and respiratory rate were detected respectively using thermometer and counter under heat stress and normal condition. Peripheral venous blood (10 mL) from each feedlot cattle was collected in EDTA tube under normal and heat stress. Blood was firstly kept at room temperature for about 1 h then centrifuged at 3000g for 15 min at the same temperature. Plasma was immediately separated, frozen at − 20°C, then stored at − 80°C before the isolation of RNA.
Small RNA library construction and sequencing Total RNA was extracted from 200 μL plasma using Trizol reagent (TAKARA, Japan), following the manufacturer's procedure. The total RNA quantity and purity were analysis of Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with RIN score > 7.0; then, five samples of each group were pooled in one library. Approximately 1 μg of total RNA was used to prepare small RNA libraries and the single-end sequencing was performed on an Illumina Hiseq2500 at the LC-BIO (Hangzhou, China) following the vendor's recommended protocol. The raw reads were firstly processed to remove adapter dimers, junk, low complexity, common RNA families (rRNA, tRNA, snRNA, snoRNA), and repeats. Subsequently, unique sequences with length in 18-26 nucleotides were mapped to specific species precursors in miRBase 20.0 by BLAST search to identify known miRNAs and novel 3p-and 5p-derived miRNAs. Differentially expressed miRNAs would be determined by comparing the miRNA expression levels between two samples. The expression of the miRNAs was normalized to obtain the expression in transcripts per million. Normalization method: (1) Find a common set of sequences among all samples. (2) Construct a reference data set. Each data in the reference set is the copy number median value of a corresponding common sequence of all samples. (3) Perform two-based logarithm transformation on copy numbers log2 (copy#) of all samples and reference data set. Δlog2(copy#). (4) Calculate the log2(copy#) differenceΔlog2(copy#) between individual sample and the reference data set. (5) Form a subset of sequences by selecting -Δlog2(copy#)-< 2, which means less than (22=) 4-fold change from the reference set. (6) Perform linear regressions between individual samples and the reference set on the subset sequences to derive linear equations iy = aix + bi, where ia and ib are the slope and interception, respectively, of the derived line, log2(copy#) copy of the reference set, and y is the expected log2(copy#) of sample I on a corresponding sequence. (7) Calculate the mid value xmid = (max(x) − min(x))/2 of the reference set. Calculate the corresponding expected log2(copy#) of sample i, yi, mid = aixmid+bi. Let yr, mid = xmid, let Δyi, =yr, mid-yi, mid, which is the logarithmic correction factor of sample i. We then derive the arithmetic correction factor fi = 2Δyi sample I. (8) Correct copy numbers of individual samples by multiplying corresponding arithmetic correction factor fi to original copy numbers. The significance threshold was set to be 0.01 and 0.05 in each test.
Target gene prediction
Prediction genes targeted by differentially expressed miRNAs were identified through TargetScan7.1, CoMeTa, and miRDB software. Then, the data predicted by all the algorithms were combined and the overlaps were calculated. The GO terms and KEGG pathway of these differentially expressed miRNA targets were also annotated. , containing 6 mL medium, which include about 5 × 10 6 cells). 6-well plates (2 mL medium per well, which include about 2.5 × 10 6 cells). Twenty-four-well plates (500 μL medium per well, which include about 5 × 10 5 cells) and all cells were added 100 IU/mL penicillin/streptomycin and were incubated at 37°C and 5% CO 2 .
Vector constructs
MiR-1246 (mimics) and negative control (NC) were synthesized by RiboBioCo (Guangzhou, China). The 3′UTR of CREBL2 and PCBP2 were sub-cloned into the psiCHECK-2 vector (Promega, USA) downstream of the Renilla luciferase reporter gene. Flanking sequence on each side was synthetized with a short extension containing cleavage sites for XhoI (CTCGAG) and NotI (GCGGCCGC), and the primer sequences are shown in Table 1 .
Dual luciferase reporter assay
HEK 293 cells were cultured in 24-well plates and transfected with pluc-3′UTR+miR-1246 mimics (50 nM) or NC (50 nM) using Lipofectamine 2000 (Invitrogen, USA). After 48 h, the luciferase activity was determined using dual luciferase reporter reagent (Promega, USA, Cat. no. E2029), and the luciferase activity is presented as the ratio of Firefly luciferase against Renilla luciferase.
qRT-PCR
HEK293 cells were cultured in 6-well plate and transfected with 100 nm/L miR-1246 mimics or NC. After 48 h, total RNA was isolated using TRIZOL (TAKARA, Cat. no. 9767) according to the manufacturer's instructions. Reverse transcription was performed using PrimeScript™RT reagent Kit (TAKARA, Cat. no. RR037A). mRNA levels were analyzed using SYBR® Premix Ex TaqTM II (Tli RNaseH Plus) (TAKARA, Cat. no. DRR820A), and the primer sequences are shown in Table 1 . Gene expression level was normalized to GAPDH and 2 −ΔΔct method was used to quantify the relative expression level of genes.
Western blot analysis
HEK293 cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer and proteins in supernatants were 
Statistical analysis
All data was analyzed by SPSS18.0 software. The differences between two groups were analyzed using Student's t test. The differences for multiple comparisons were evaluated with one-way analysis of variance (ANOVA). All results were expressed as the mean ± standard deviation from at least three independent experiments. *P < 0.05 or **P < 0.01 was considered to indicate a significant difference.
Results
Changes of physiological traits during heat stress
To investigate the effect of heat stress on physiological traits of feedlot cattle, rectal temperature and respiratory rate of experiment cattle were detected. The results showed that THI of control group and experimental group were 62.51 ± 0.42 and 84.83 ± 0.29, respectively, which suggested that the experimental cattle were under heat stress and control cattle were in normal (Fig. 1a) . Compared with normal feedlot cattle, the rectal temperature increased from 38.3 ± 0.11 to 39.3 ± 0.34°C (0.03-fold) in Red Angus under heat stress (P < 0.01), but an elevation was not seen in Droughtmaster. During heat stress, mean respiratory rate increased from 32.00 ± 2.52 to 49.60 ± 2.61 (breaths per min) in Red Angus and increased from 26.2 ± 3.6 to 49.40 ± 2.19 in Droughtmaster (P < 0.01) (Fig. 1b, c) .
Profiling of small RNAs in feedlot cattle
To identify the type of small RNA (sRNA) in feedlot cattle, two independent sRNA libraries were constructed from the peripheral blood by Illumina technology for heat stress and normal condition, respectively. Low-quality sequences (length filter, and junk reads) were removed and the remanent reads were in alignment with Repbase and small RNA databases (e.g., rRNA, tRNA, snoRNA, snRNA, et al. (Fig. 2a, b) . In addition, the length distribution of reads showed that clean reads was 20-24 nt in size (Fig. 2c) , and the top abundance size was 22 nt, indicating that most of the sRNA belong to miRNAs.
MiR-1246 is significant upregulated in Red Angus and Droughtmaster
To investigate whether heat tolerance is related to the breed of feedlot cattle, we performed high-throughput miRNA profiling. In Red Angus, 365 miRNAs were detected and 63 miRNAs changed significantly; in Droughtmaster, 282 miRNAs were detected and 39 miRNAs changed significantly (including upregulated and downregulated miRNAs, fold change ≥ 2, P < 0.01, Supplementary tables 1 and 2). Co-miRNA expression patterns were analyzed using an unsupervised hierarchical clustering to screen how the differentially regulated miRNAs corresponded with different conditions in Red Angus and Droughtmaster. The results showed that although some of miRNAs remain unchanged in heatstressed reaction among two kinds of cattle, all comiRNAs had similar trend in expression model (upregulated or downregulated). In heat stress libraries, most of the differential miRNAs had lower expression levels in Droughtmaster than in Red Angus (Fig. 3a) . Among the top 10 upregulated miRNAs identified from each group of cattle (read counts ≥ 100, fold change ≥ 2, P < 0.001, Fig. 3b, c) , the expression of miR-1246 was significantly upregulated in both Red Angus and Droughtmaster.
Target gene prediction and pathway analysis of miR-1246
Next, TargetScan 7.1, CoMeTa, and miRDB software were used to predict target genes of miR-1246, and 47 genes were identified (Fig. 4a) . Combined with the three software analytical results, including the seed matches in 3′UTR region, conserved seed matches in different species and minimum free energy analysis, only PCBP2 and CREBL2 were qualified, thus considered as target genes of miR-1246. KEGG enrichment analysis showed that PCBP2 and CREBL2 were mainly involved in cell apoptosis signal pathways, such as Hippo signaling pathway and cAMP signaling pathway (Fig. 4b,  Supplementary table 3 ). In addition, our results showed that the two genes involved in heat stress-related reactions (Fig. 5a ).
PCBP2 and CREBL2 are target genes of miR-1246
To identify whether PCBP2 and CREBL2 are the target genes of miR-1246, TargetScan7.1 software was used to analyze the sequences of binding site between miR-1246 and target genes 3′-UTR mRNA. The results showed miR-1246 binding sites located in the PCBP2 3′-UTR contained six nucleotides complement bases, and in CREBL2 3′-UTR had seven nucleotide complement bases (Fig. 5b) . So we cloned the candidate binding sites from pig into a luciferase expression vector downstream of the Renilla luciferase stop codon. Dual luciferase assay showed that miR-1246 mimics significantly suppressed luciferase activity of the 3′-UTR of PCBP2 and CREBL2 (Fig. 5c ). To further confirm that PCBP2 and CREBL2 are the target genes of miR-1246, levels of PCBP2 and CREBL2 mRNA and protein were detected. qPCR and western blot analysis showed that PCBP2 and CREBL2 mRNA and protein levels significantly decreased after transfection with miR-1246 mimics in HEK293 cells (Fig. 5d-f) . Collectively, these results indicate that miR-1246 directly target PCBP2 and CREBL2.
MiR-1246 inhibits heat-induced cell apoptosis
Considering that the imbalance of cell apoptosis is caused by dysfunction of mRNA expression, which is the essential mechanism of heat-stressed injury. Therefore, we thought miRNA might participate in an important regulatory mechanism. To understand the role of miR-1246 during heat resistance in BFR-L1 cell lines, cells were incubated with heat stress temperature and then detected cell apoptosis by flow cytometry. The results showed that apoptotic cells significantly decreased in the miR-1246 mimics-transfected group compared to NC-transfected group (Fig. 6a) . DAPI and FITC staining revealed that cells transfected with miR-1246 mimics had less condensation and fragmentation of the nuclei compared to the other groups (Fig. 6b) .
Discussion
Stress is broadly defined as the state when cells deviate from the status quo due to sudden environmental changes or frequent fluctuations in environmental factors (Leung and Sharp 2010) . Heat stress affects both productivity and physiology of cattle (Kishore et al. 2014) , and the ability to recover from duration and intensity effect of it is an important factor of cattle to adapt. Additionally, rectal temperature and respiration rates are commonly used to assess cattle heat tolerance. In the present study, the physiological background of Red Angus and Droughtmaster respiratory trait was affected by heat stress, but molecule mechanism and cell phenotypic remain unknown. Further, we found that miR-1246 is significantly upregulated in the two kinds of heat-stressed cattle by high-throughput profiling. Research showed that dairy breeds are typically more sensitive to heat stress due to higher metabolism rate and higher-producing, the miR-1246 in heat-stressed dairy breeds was siginificantly up-regulated (Zheng et al. 2014) . Based on this, we suppose that miR-1246 may be a novel anti-heat stress factor in cattle.
To elucidate the role of miR-1246 in heat stress, we focused on target genes of miR-1246 and found it could inhibit the expression of PCBP2 and CREBL2, further regulated lung cell apoptosis. Heat stress induces different forms of cell death, during which Hippo pathway plays an important roles in apoptotic cell death (Cheung et al. 2003; Harvey et al. 2003) . In our study, the functional relationship between miR-1246 and PCBP2 was established. PCBP2 associates with the Hippo signaling pathway in mouse lung tissues could control cell growth and development . Furthermore, PCBP2 contributes to miRNA processing in cells by interacting with both Dicer and precursor miRNA to enhance processing into mature miRNA (Li et al. 2012) . Likewise, cAMP signaling pathway has been suggested to regulate transcription, cell survival, and cell cycle progression, which are usually connected with MAPK pathway during stress response (Kronstad et al. 1998 ). In the meanwhile, attenuated activation of MAPK in lungs could attenuate polymorphonuclear neutrophil proinflammatory activity and decrease the severity of acute lung injury (Kuo et al. 2011) . On the one hand, increased temperature has been associated with increased mortality in multiple epidemiology studies, particularly in respiratory mortality (Basu and Malig 2011) . Feedlot cattle exposed to elevated temperatures will induce an increase in the dissipation of body excess heat. In order to reduce the excessive heat load, they would like to evaporate water from the respiratory tract via panting. On the other hand, increased body temperature might be expected to exacerbate VILI by augmenting inflammation, inactivating surfactant, or increasing cardiac output (Broccard et al. 1998) . Increased cardiac output directly induces carbon dioxide production and oxygen consumption. In order to keep the balance of blood-pH buffering system, the body needs to enhance respiratory rate to maintain HCO 3 − (bicarbonate) to control CO2 ratio.
Additionally, respiratory trait is highly related to lung function. For example, the resistance of the lung falls as frequency increases over the range associated with normal breathing (Irvin and Bates 2003) . Our study presented the first comprehensive view that miR-1246 regulate lung cells by inhibiting PCBP2 and CREBL2, of which involved in Hippo and cAMP signaling pathways during heat stress. We believe these results could provide an important theoretical basis to better understand the biology mechanism of heat-stressed feedlot cattle.
Conclusion
Taken together, our results indicate that miR-1246 is upregulated in high temperature and miR-1246 could suppress the expression of target genes PCBP2 and CERBL2, further inhibit lung cell apoptosis. 
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